Abstract-3D Ultrasound Computer Tomography (3D USCT) promises reproducible high-resolution images for early detection of breast tumors. For reflectivity reconstruction a 3D synthetic aperture focusing technique (SAFT) is used which calculates one reflectivity value for each voxel from about 10 million Ascans. In this work the standard SAFT algorithm is extended to calculate reflectivity characteristics for each voxel in the volume using a directional vector derived from the transducer positions. The reflectivity characteristic is evaluated with in-vivo data and enables new information about the reflecting tissues, e.g. local normals. The contrast of SAFT images of an example breast could be increased by 32% and the data shows potential for tissue classification by comparing reflectivity characteristics. Regardless of calculating twelve-times more data for the simplest case, a performance of 46% of the standard SAFT algorithm on GPU could be reached.
I. INTRODUCTION
3D Ultrasound Computer Tomography (3D USCT) promises reproducible high-resolution images for early detection of breast tumors [1] . Our prototype provides three different modalities: reflectivity, speed of sound, and attenuation [2] , [3] . For reflectivity reconstruction a 3D synthetic aperture focusing technique (SAFT) [4] is used which calculates one reflectivity value for each voxel from nearly 10 million Ascans [5] , measured with 628 emitters, 1413 receivers and 10 aperture positions.
Using the standard SAFT algorithm, the reflectivity for one voxel is calculated by determining the time-of-flights of the ultrasound travelling from individual emitters to the voxel to the receivers and summing up the amplitudes from each measured A-scan [6] . Due to this averaging the directional information of the reflection is lost. The standard SAFT algorithm use the assumption of isotropic point scatterer. In reality, reflecting structures have different sizes and surface textures with different reflection characteristics (see Fig. 1 ). The calculation of reflection characteristics with SAFT includes two challenges. First, due to the 3D USCT transducers emitting unfocussed ultrasound in contrast to focussed ultrasound, the direction of reflecting structures are unknown and have to be determined. The second challenge is the significant larger amount of data. The reflectivity characteristics for a standard volume of 1024 2 x64 voxels, 628 emitters, 1413 receivers and 10 aperture positions would contain 2.4 PB of data without sampling strategy. Therefore a suitable method is necessary to reduce the amount of data.
In this paper the SAFT reconstruction algorithm is extended, to calculate the reflectivity characteristics for each voxel with high performance and manageable data size [7] . Instead of averaging all A-scan values like the standard SAFT, the values are mapped to different directions, exploiting the advantage of the aperture, which records A-scans by transducers surrounding the measured breast in 3D. For the mapping different platonic solids and spherical grids with varying number of surfaces are used (see Fig. 2 ). Different post-processing methods were applied to extract new information about the measured breast based on the directivity data. Evaluation is done with in-vivo experiments and show the many additional possibilities for image analysis based on the reflectivity characteristics. Due to the high demands on performance and memory a GTX TITAN GPU is used, based on Kepler architecture with 6 GB global memory.
II. METHODS
To calculate the reflectivity characteristic the standard SAFT algorithm is extended (see Fig. 3 ). Depending on each combi- nation of the three positions of emitter e, voxel x and receiver r, the directional vector V is determined (see Fig. 3 left). It is defined from the central point of the voxel x and can be one of the vectors V ∈ { E, H, R}, with E and R as vectors from the voxel x to the emitter e resp. to the receiver r and H as the angle bisector between E and R. In this paper particularly the directional vector V = E is investigated. For the mapping of V to several directions a fictive spherical surface around the center point of voxel x is divided into several surface sections. In Fig. 4 an examplary division is shown, simplified in 2D for twelve surface sections (blue). Each surface section j is defined by the main directional vector S j . The directional vector V is mapped to the surface section with the minimum angle α min = ( V , S j ).
For the 3D case, geometric solids are used to approximate the sphere. In this work two different types of solids are investigated: platonic solids and spherical grids (see Fig. 2 ). The advantage of using platonic solids like the dodecahedron is the regular distribution of the surfaces with same size and shape. For the mapping each directional vector has to be compared with J section vectors. In contrast, the advantage of using a spherical grid is the regular sampling of the elevation and the azimuth angle. Here the mapping of the directional vector V to the surface sections can be calculated directly.
Beside the calculation of V , the sampling of the possible directions decides the total amount of data. The sum of all amplitudes and the number of summed amplitudes for one surface section are saved with 4 Bytes as float. Table I gives an overview of the used solids and their memory requirements.
After calculating of the reflection characteristic the data is saved in a five-dimensional matrix C of the size 2xJxXxY xZ:
The first dimension has two values: The summed amplitudes A and the number of summed amplitudes N . The second dimension has J elements, corresponding to the used geometry with J surfaces. The last three dimensions show the x, y, and z coordinates of the voxels in the volume. The evaluation of the now available directional information of the reflectivity characteristics was carried out in respect to two questions: Is it possible to get new information about the reflecting tissue? Is it possible to discriminate tissues by comparing the reflectivity characteristics of different voxels? 
III. RESULTS

A. Extraction of new information
After the calculation of the reflectivity characteristics C the standard SAFT image I St ( x) can easily be determined:
With the reflectivity characteristics a weighted SAFT image can be calculated using the number of summed amplitudes per direction: Fig. 5 shows that the contrast of structures with larger distance from the center of the aperture can be increased (see white arrow) using this normalisation. The reflection characteristic and the main direction of reflection strongly depends on the surface normal of reflecting tissues. Under the assumption that the surface normal N ( x) corresponds to the main direction of reflections, i.e. the direction with the largest amplitude, the surface normal for each voxel can be calculated with
by weighting and summing up the reflectivity values of each surface vector S j . Fig. 7 b) shows the calculated vector field for a part of the breast surface, calculated with equation (5) from the reflectivity characteristic using a dodecahedron. The direction is displayed by the vectors. The value of the reflectivity is colour coded. At the inner side of the breast the surface normals show the change of the main direction. For views from single directions, the five-dimensional data R is reduced to one direction j:
Fig . 6 shows the resulting images for two different directions j calculated with a dodecahedron. The images show a strong directional dependency. Under the assumption that the surface with the maximum reflectivity value is the direction with the best echo signal, R is reduced to the surface with maximum energy:
The resulting image I maxj in Fig. 7 c) shows an improved image quality with sharper structures inside the breast and higher contrast compared to the reconstruction with standard SAFT shown in Fig. 7 a) . PSNR in improved by 32%.
The standard deviation over all surfaces give the information how directional the structure inside a voxel is reflecting:
Fig . 7 d) shows the standard deviation over all surfaces compared to the reconstruction with standard SAFT in Fig. 7 a) . While an isotropic scatterer has a low standard deviation, specular and diffuse reflections have a higher standard deviation.
B. Classification
For comparison of the reflectivity characteristics of different voxels the spherical grid is used with a sampling of 30
• for elevation and 18
• for azimuth angle. After weighting the reflectivity characteristics, two reference voxels were chosen. One was situated in the glandular tissue and the other one in the background. To compare the similarity of the reflectivity characteristics independent of the amplitudes the reflectivity values are divided by the maximum. After preparing the data a 2D cross correlation is performed without regridding between the reflectivity characteristics of the reference and of each other voxel. This results in a 2D matrix for each voxel containing one correlation value for each possible rotation. The maximum correlation in this matrix is the maximum similarity with the reference voxel and is therefore taken for each voxel. The results are shown in Fig. 8 . The reference voxel in the glandular tissue (see white arrow in Fig. 8 top) shows an high similarity to the inner glandular tissue and breast surface while the background is only weakly similar. In contrast the similarity for the second reference from the background (see white arrow in Fig. 8 bottom) show a large difference to reflecting structures. 
C. Performance
The calculation of the reflectivity characteristics was performed on one GTX Titan GPU running CUDA kernels directly from Matlab [8] . The maximum performance depends on the applied solid and the amount of surface directions J (see Table II ). As performance metric the throughput of calculated voxels (V) and A-scans (A) per second in VA/s is used. The number of surfaces (S) is taken into account with the performance metric VAS/s. For comparison the performance on the GPU was measured also for standard SAFT calculation. The highest voxel throughput can be reached using the dodecahedron due to the low number of twelve surfaces. Using the icosahedron (20 surfaces) the performance is decreased due to the larger amount of performed comparisons. With the spherical grid the mapping is faster, but due to the large amount of data the performance is limited. The performance normalized to the number of surfaces is nearly constant for all solids. For a high amount of surfaces it is recommended to use a spherical grid due to the direct mapping. But this performance gain is bought by unequal surface area.
IV. CONCLUSION
Using the reflectivity characteristics, more information about different reflecting tissues inside the breast was made available. E.g. the local normals were approximated using the main direction of reflections. Post-processing using the maximum of the reflectivity characteristic increased the contrast of the image by 32% compared to the standard SAFT. Furthermore, the new data shows potential to be used for tissue classification by comparing their reflectivity characteristics. Regardless of calculating twelve-times more data for the simplest case, a performance of 46% of the standard SAFT algorithm on GPUs could be reached.
